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The energy of segregation of Cr from the bulk to the topmost surface layer in dilute Fe-Cr alloys is endothermic
but small. On the other hand, the segregation energy from the bulk to the subsurface layer is not only endothermic
but relatively large. Thus, the subsurface layer presents a huge barrier, not only for the segregation of Cr from
the bulk to the surface, but also for its diffusion from the surface into the bulk. This means that the topmost layer
alone cannot be used to determine the barrier for Cr segregation (the segregation energy), which is determined
in these alloys by the subsurface layer. We present the results of our ab initio electronic structure calculations
on the segregation of Cr as an impurity in Fe, which shed some light on the origin of this anomalous behavior.
We find that the interaction of a Cr atom situated in the subsurface layer, in contrast to those in the other layers,
is quite complex with its nearest neighbor Fe atoms due to the magnetism of both Fe and Cr, leading to a
highly unfavorable electronic structure. This in turn leads to a large endothermic energy of solution of Cr in the
subsurface layer. These results are important for a proper understanding of the properties of the technologically
important class of Fe-Cr steels with low concentrations of chromium.
PACS number(s): 61.82.Bg, 64.75.Nx, 71.20.Be, 73.20.At
I. INTRODUCTION
The Fe-Cr ferritic steels with ∼10 atomic percent Cr are
candidate materials for structural applications in the next
generation of fission and fusion reactors due to their excellent
mechanical properties and resistance to corrosion.1–4 The Cr
concentration of ∼10 atomic percent is found to be optimum
for the ductile to brittle transition, as well as resistance to
neutron-induced swelling due to defect agglomeration and
helium bubble formation. This has led to considerable research
and development activity, on a worldwide scale, on these alloys
to reach a fundamental understanding of their properties.5–21
This includes extensive experimental work, and associated
multiscale theoretical modeling. The segregation of Cr to
the surface of the alloy plays a major role in controlling
many key properties, including corrosion resistance. In metals,
the segregation22 from the bulk to the surface occurs due to
the difference in the solubility of the segregating element at the
surface and in the bulk. If this difference is negative, meaning
that the solution is more favorable (more exothermic) at the
surface than in the bulk, the surface will be spontaneously
covered with the segregating element, even at the lowest
temperatures. This usually occurs for metalloid elements.
However, in general, this is not the case for dilute alloys, which
form solid solutions, since the existence of a solid solution
requires the minority element to be soluble in the bulk matrix.
The solution energy is, in this case, obviously less exothermic
at the surface than in the bulk. In the subsurface layers, the
solution energy gradually becomes more exothermic (relative
to the topmost surface layer) until it reaches its value in the
bulk solid. The segregation energy has thus been obtained
from a straightforward difference of the solution energies at
the topmost surface layer and in the bulk, and this seems
to describe reasonably well the segregation behavior in most
cases. The case of Fe-Cr alloys with low concentration of Cr
presents an exception to this rule. In these alloys, the solution
energy of Cr, both at the topmost surface layer and in the bulk,
is exothermic, and the energy in the bulk is more exothermic
than on the surface, as required for solid solution formation.
However, the subsurface layer closest to the topmost surface
layer presents, unexpectedly, a very high barrier for solubility
of Cr with a highly endothermic value.12,18–21 This situation is
highly unusual in that this subsurface layer provides the main
barrier for the segregation of Cr from the bulk to the surface.
Further, this layer also acts as a barrier for diffusion of Cr from
the surface into the bulk.
The bulk Fe-Cr alloys show a complex behavior.5,7,12,13 At
very low temperatures, the body centered cubic (bcc) solid
solution of Fe-Cr shows complete miscibility at low concen-
trations (<10 at.% Cr). However, for higher Cr contents, there
is a miscibility gap, and the solid solution phase-separates
into an iron-rich bcc α-solid solution, and a chromium-rich
(>85 at.% Cr) bcc α′-precipitate. This behavior cannot be
explained in terms of a simple chemical mixing energy that
does not include the magnetism of both Fe and Cr, where Cr
is found to be insoluble at all concentrations in Fe. It has been
shown16–21 by ab initio calculations that, with the inclusion
of magnetism of both Fe and Cr, the solution energy of Cr in
Fe is exothermic for dilute concentrations of Cr. For higher
concentrations, the solution energy becomes endothermic.
This behavior is due to the competition between unfavorable
Cr-Cr interactions and favorable Fe-Cr interactions.15,17,18
The increased chromium content leads to more frustrated
magnetic interactions between chromium atoms that make
the solution of Cr endothermic.17,18 At higher temperatures,
the phase diagram is much simpler in so far as the bcc solid
solution is concerned. It shows9 a conventional miscibility
gap with critical temperature of ∼1100 K. Several theoretical
models10–12 have successfully reproduced both the change of
the sign of the mixing energy at 0 K, and the experimental
phase diagram at higher temperatures.
Surface segregation is a complex phenomenon22,23 in
concentrated alloys, and unexpected behavior can be observed
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in certain systems, for example, NiPt alloys.23 Further, in many
magnetic materials, magnetism is known to dramatically alter
the physical properties, leading to, in some cases, industrially
important applications such as the INVAR effect in Fe-Ni
alloys,24 and the giant magnetoresistance in Fe-Cr alloys.25
Thus, the inclusion of magnetism is absolutely essential for
a proper understanding of the segregation phenomenon in
Fe-Cr alloys. In this paper, we will not deal with concentrated
Fe-Cr alloys, but rather we will investigate the interplay among
local relaxations, magnetism, and electronic structure on the
segregation behavior of Cr as an impurity in Fe via ab initio
electronic structure calculations. We show, as in previous
work,12,18–21 that segregation of a chromium atom in the
subsurface layer of an Fe-Cr alloy in the dilute limit is highly
endothermic, in contrast to the segregation to the topmost
surface layer, which is only slightly endothermic, or to the
adjacent layer just below. We analyze in detail the reasons
behind this anomalous behavior, and we find very subtle
magnetic effects controlling this behavior. The computational
details are given in Sec. II, and in Sec. III, we discuss the
solution energies of Cr placed at different surface layers in
Fe. This allows us to obtain the surface segregation energies
that are found to be anomalous. An in-depth analysis of the
role played by the surface relaxations, the antiferromagnetism
of Cr, and its influence on the magnetism of surrounding Fe
atoms and the electronic band structure is also presented. This
analysis leads to an understanding, at an electronic and atomic
scale, of this anomalous segregation behavior in terms of an
indirect influence of Cr on the neighboring Fe atoms, which
in turn destabilize the Cr in the subsurface layer. Concluding
remarks are given in Sec. IV.
II. COMPUTATIONAL DETAILS
The electronic structure calculations presented in this
work were performed within the density functional theory
(DFT) using the spin polarized version26–28 of the Vienna
Ab Initio Simulation Package (VASP) in the Generalized
Gradient Approximation (GGA). The Projected Augmented
Wave (PAW) potentials29 were employed in conjunction with
the PW91version of GGA30 to account for exchange and cor-
relation corrections. The 16 outer electrons of Fe (8 semi-core
electrons and 8 outer valence electrons) and 12 outer electrons
of Cr (6 semi-core electrons and 6 outer valence electrons)
were treated as valence electrons in all computations. The
semi-core states were not included in previous calculations.
Sometimes, the neglect of these semi-core electrons can yield
imaginary phonons for a perfectly stable crystal structure.
We consider in this work the Fe (1 0 0) surface, since this
surface is found to be the most stable. We used a repeated
slab geometry with dimensions (2a 2a 4a) along the a, b, and
c-axes, separated by a vacuum layer of 4a (∼11.4 A˚) along
the c-axis. The supercell thus contained 36 atoms (9 layers in
the c-direction). An energy cutoff of 500 eV was employed,
and the results were found to be fully converged using a
(7 7 1) k-point grid in the Monkhorst-Pack31 scheme. Only
one Cr atom was placed in a layer. The mirror symmetry (with
respect to the central layer) along the c-axis was exploited.
This resulted in two Cr atoms per supercell, except for the
central layer, where there was only one Cr atom, and hence
only one Cr atom per supercell. The Cr-Cr distance in this
geometry amounts to 2a, which is two times the next-nearest
neighbor distance in Fe. The calculations were also repeated
with a larger supercell with dimensions (3a 3a 4a) containing
81 atoms. In this larger cell, two types of grids were considered
for the k-points mesh, one with (3 3 1) division and the
other with a (5 5 1) division. The results in the two cases
were nearly identical, indicating the full convergence of the
results. The important conclusion that emerged from these
calculations is that the segregation energy did not change
significantly upon going from the smaller supercell with 36
atoms to the larger supercell with 81 atoms. Therefore, unless
stated otherwise, the results with the smaller supercell are
discussed hereafter, since the calculations with the larger
supercell are computationally much more demanding. It is
important to mention at this point that the calculated values
of the segregation energies depend sensitively upon the size
of the supercell, and this size dependence has been discussed
in detail by Ponomareva et al.18 We used the theoretically
determined lattice constant (2.826 A˚) of ferromagnetic Fe,
in good agreement with the experimental value, 2.866 A˚,
at room temperature. This corresponds to a constant volume
calculation representing the Cr concentration in the infinitely
dilute limit. The atomic coordinates were fully relaxed until
the total energies were converged to 10−4 eV or better, and the
forces on the atoms were converged to less than 10−3 eV/A˚.
The magnetic moment in bulk Fe was found to be 2.20μB, i.e.,
in good agreement with experimental measurements, 2.22μB,
and previous calculations.13–20 For pure bulk Cr, we obtained
an antiferromagnetic ground state in the bcc structure with a
magnetic moment of 0.97μB and a lattice constant of 2.866 A˚.
In fact, it is well known that pure Cr shows a spin density
(SDW) behavior, but this SDW is quenched in the presence
of impurities, and a regular antiferromagnetic character is
observed. In our slab calculations, the magnetic moment at the
Cr site was found to be always aligned antiferromagnetically
to those of Fe atoms, and the value of this moment was found
to be insensitive to the choice of the value for starting the
computations. In other words, even if one decides to choose
Cr to be nonmagnetic as the starting solution, the calculation
readily converged to an antiferromagnetic value that was the
same that would be obtained with an antiferromagnetic starting
solution.
III. RESULTS AND DISCUSSION
As already mentioned, the segregation energy is the
difference of the solution energies of a solute in the final
position and the initial position. The energy of solution, ESsol,
of a single Cr atom as an impurity in Fe can be defined as
ESsol = (ETot(FeN−2Cr2) − 2ETot(Cr)
+2 ETot(Fe) − ETot(FeN))/2,
where ETot(FeN−2Cr2) is the total energy of a slab containing
(N − 2) Fe atoms and two Cr atoms symmetrically placed
in surface layers S, ETot(FeN) is the total energy of the slab
without any Cr atoms, and ETot(Fe) and ETot(Cr) are the
total energies (per atom) of pure Fe and pure Cr in their
ferromagnetic and antiferromagnetic states, respectively.
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TABLE I. Energies of solution, Esol, and segregation, Eseg, of Cr
in S, S-1, and S-2 layers, and in the center of the slab. The last column
gives the magnetic moment, M, at the Cr site in these layers.
Layer Esol (eV) Eseg (eV) M (μB)
S −0.085 0.078 −3.1
S-1 0.192 0.355 −1.8
S-2 −0.156 0.007 −1.6
Central layer −0.163 0.000 −1.6
For the central layer, the expression is slightly different,
since there is only one Cr atom per supercell. It is given by
ECsol = ETot(FeN−1Cr) − ETot(Cr) + ETot(Fe) − ETot(FeN),
where, as before, ETot(FeN−1Cr) is the total energy of the slab
containing one Cr atom at the central layer and (N − 1) Fe
atoms. The segregation energy (Eseg) can then be obtained
from the following relation
Eseg = ESsol − ECsol.
Alternatively, combining these equations, one can write
Eseg = (ETot(FeN−2Cr2) − 2 ETot(FeN−1Cr) + ETot(FeN))/2.
The calculated energies of solution and segregation for
different layers are given in Table I. As one can see, the
solution energy is negative (exothermic) in the central layer
(bulk), in the topmost surface layer (denoted S), and in the
sub-subsurface layer (denoted S-2). The only exception is the
subsurface layer (denoted S-1), where it is highly endothermic.
This leads to an anomalously large value of the segregation
energy to the S-1 layer, as shown in Fig. 1. The segregation
energy is nearly constant in the bulk region, but the S-1 layer
offers a large barrier for segregation, after which there is a
dramatic decrease in the segregation energy. These results
are in agreement with previous theoretical calculations,12,17–21
in particular, with those where full atomic relaxations were
included, as in the present work. We obtain a value of 0.090 eV
S S-1 S-2 S-3 S-4
Layer
-0.1
0.0
0.1
0.2
0.3
0.4
S
eg
re
ga
ti
on
 e
ne
rg
y 
(e
V
)
FIG. 1. Segregation energy of Cr from the bulk to different layers
near the surface. The symbols S, S-1, and S-2, etc., represent,
respectively, the topmost surface, the subsurface, the sub-subsurface,
and other layers.
for the segregation energy to the topmost (S) layer with the
larger supercell containing 81 atoms, which is in reasonable
agreement with the value, 0.078 eV, obtained with the smaller
supercell. An important consequence of the large segregation
barrier in the subsurface layer is that it also serves as a barrier
for the diffusion of Cr atoms from the surface to the bulk.
Conventionally, it has been assumed that the strongest
surface effects are expected to be observed at the topmost
surface layer. Thus, the segregation of a Cr atom from the
bulk to the surface should be controlled by the difference in
the solution energies of Cr at the topmost surface layer and in
the bulk. Within this assumption, with a segregation energy of
0.078 eV, obtained in the present work, the segregation of Cr
should be observable at relatively low temperatures, including
room temperature. The work of Suzuki et al.,28 on the other
hand, shows that this is not the case, and indeed a much higher
temperature, 973 K, is required to observe segregation of Cr.
With the subsurface layer providing a much stronger barrier for
segregation, 0.355 eV, found in the present work, it is clear that
much higher temperatures will be required, which is consistent
with the work of Suzuki et al.32
In order to understand the origin of this anomalous behavior,
we show in Fig. 2 the relaxations of interlayer distances with Cr
placed at different surface layers, and we compare them with
those found in pure Fe, using similar slab calculations (no Cr
present in the slab). First, we observe that the relaxations of
the outer surface layers, when the Cr atom is placed in the
central layer, are very close to those found in pure Fe. This is
expected, since the Cr atom is far from the surface, and the
outer surface layers do not feel its effect. Generally speaking,
the first two interlayer distances are the most affected, with
the first one contracting and the second one expanding, a
behavior consistent with that usually found at transition metal
surfaces.33 The strongest effect of Cr occurs when it is at the
topmost surface layer (S), which leads to a contraction of the
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FIG. 2. (Color online) Interlayer relaxations with a Cr atom in
different layers of the slab. The symbols S, S-1, and S-2 represent
the topmost surface, the subsurface, and the sub-subsurface layers,
respectively, and are shown in pink, blue, and green colors. The
relaxations for an identical slab of pure Fe (with no Cr) are also
shown, in black color, for comparison. The relaxations with the Cr
atom in bulk Fe are shown in red.
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first interlayer distance by −0.068 A˚, i.e., much larger than in
pure Fe, ∼ − 0.02 A˚. In fact, the relaxations of all the Fe atoms
on the topmost surface layer are not the same but differ slightly
depending upon the environment and the distance from the Cr
atom. The interlayer relaxations given here are thus based on
an average of the positions of the Fe atoms. It is important to
emphasize that, in contrast to what one might have expected,
the Cr atom does not sit exactly in the topmost surface layer
containing the Fe atoms, but it is instead displaced upward by
∼0.06 A˚ from the plane of the Fe atoms. The contraction of the
subsurface layer relative to the Cr layer is thus much smaller,
only ∼0.01 A˚.
This picture is somewhat different when the Cr atom
is located in the subsurface layer. The contraction of the
interlayer distance between the topmost (S) and the subsurface
(S-1) layers containing the Fe atoms is smaller, only ∼0.038 A˚.
In fact, both Cr and Fe atoms in the subsurface layer are
displaced upward from their ideal positions (Fe by ∼0.081 A˚
and Cr by ∼0.035 A˚), while the Fe atoms in the topmost
Fe layer are displaced upward by ∼0.043 A˚ from their ideal
positions. The upward displacement of the Cr atom in the
(S-1) layer is thus smaller than the displacement of the Fe
atoms in the (S-1) layer, since the Cr atom is located at
∼0.046 A˚ below the Fe atoms in the (S-1) layer. This leads to
a small expansion (instead of a contraction) between Cr and
the topmost surface layer of Fe, of ∼0.008 A˚. In both the S
and (S-1) layers, the Cr atom thus moves upward relative to
the ideal positions, but the displacement is much larger when
it is on the topmost layer. These relaxations, in the presence of
Cr, are different from those found for pure Fe, and, in general,
Cr has a tendency to push further away its nearest neighbor
(NN) and next-nearest neighbor (NNN) Fe atoms. As shown
in the following, these relaxations modify the nature of the
electronic structure considerably.
The magnetic moments of Cr with Cr in different layers
are given in Table I, and they are also shown in Fig. 3. The Cr
atoms are found to be aligned antiferromagnetically (shown
by the negative sign in Table I) to Fe atoms in all cases. The
largest magnetic moment, −3.1μB, is obtained at the topmost
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FIG. 3. (Color online) The amplitude of the magnetic moments
carried by Cr in different surface layers and at its nearest neighbor
Fe atoms. Note that Cr moments are aligned antiferromagnetically to
those of Fe atoms. The Cr atoms are shown in blue (medium gray),
nearest neighbor Fe atoms are in green (gray), and the next-nearest
neighbor Fe atoms are in red (dark gray).
surface layer, as expected, due to the reduced coordination
at the surface. These moments drop rapidly to a value of
∼−1.7 μB with Cr placed in the inner surface layers. Our
results are in agreement with experiment34 and previous
calculations.17–21 For pure Fe, in identical slab geometry, a
magnetic moment of 2.83μB at the topmost surface layer is
obtained, which decreases gradually to a value of 2.17μB at the
central layer, quite close to the value, 2.20μB, found for bulk
Fe. In the presence of Cr, the magnetic moments at the Fe sites
show some dispersion at the nearest and next-nearest neighbor
sites in relation to Cr. The presence of a Cr atom results in a
lower value of the magnetic moment at the nearest neighbor Fe
sites relative to the Cr free Fe slab calculation. In moving the
Cr atom from the topmost surface (S) layer with the highest
magnetic moment of Cr, −3.1μB, to the subsurface (S-1) layer,
the magnetic moment at the Cr site decreases substantially
(in absolute value), to −1.8μB,, and this value is not
much different from the one in the sub-subsurface (S-2) layer
(∼−1.6μB) or the central layer ∼−1.74μB. On the other hand,
there is a considerable difference in the solution energies of Cr
in these layers, leading to considerably different segregation
energies of Cr in these layers. Hence, it is hard to correlate
the behavior of the magnetic moments, either at the Fe or at
the Cr sites, with the anomalous segregation behavior found
for Cr segregation.
In Fig. 4, we show the total (sum of spin up and spin
down) densities of states (DOS) with Cr in different surface
layers and compare them with those for pure Fe in similar
slab geometry. From these DOS, we see that the DOS with
Cr at the subsurface (S-1) layer have been displaced slightly
toward higher energies, resulting in a small peak at the Fermi
level. In order to understand the origin of these changes, it
is important to highlight the role of spin polarization. We
therefore show in Fig. 5 the spin decomposed DOS with Cr
located in various layers. On moving from the topmost surface
(S) site to the subsurface (S-1) site, the magnetic moment at
0
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FIG. 4. The total DOS (sum of spin-up and spin-down densities
of states) (in states/eV-atom) with Cr in different surface layers in the
slab. Also shown for comparison are the total DOS for an identical
slab of pure Fe without any Cr. The zero of the energy scale is set at
the Fermi level.
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FIG. 5. Spin decomposed total DOS (in states/eV-atom) with Cr
in different layers, and for a slab without any Cr. The zero of the
energy scale is set at the Fermi level.
the Cr site changes from −3.1μB to −1.8μB. Thus, the spin-up
DOS is populated at the expense of the spin-down DOS at the
Cr site. (Note that the sign of the magnetic moment at the Cr
site is opposite to that at the Fe site.) This has an important
effect on the spin decomposed DOS at the Fe sites that are
nearest neighbor of Cr, as shown in Fig. 6. With Cr in the
subsurface layer, the most dramatic effect is found in the DOS
of the four Fe atoms in the topmost surface layer, which are
the nearest neighbors (NN) of Cr. A Cr atom has four nearest
neighbor Fe atoms on the topmost surface layer, and another
four in the layer just below it. A comparison of the DOS at
these two types of NN sites (see Fig. 6) shows that the Fe
atoms on the topmost surface layer are the most affected. One
can see that the spin-down DOS at these Fe sites is pushed
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FIG. 6. Spin decomposed partial densities of states (PDOS) (in
states/eV-atom) at the nearest neighbor Fe sites located in S and S-2
layers with Cr in the subsurface S-1 layer. Also shown for comparison
are similar Fe site PDOS, with Cr at the central layer. The zero of
energy scale is set at the Fermi level.
toward higher energies, resulting in a peak at the Fermi level.
A similar effect is not found in the DOS at the four NN Fe
sites in the bulk just below the Cr atom. It has to be noted that,
due to the presence of Cr in the subsurface layer, the magnetic
moments at the Fe sites in the layers above and below have been
reduced from their values in pure Fe to 2.66μB (2.83μB in pure
Fe) and 2.28μB (2.32μB in pure Fe), but the reduction in the
topmost surface layer is much larger. The magnetic moment at
the NN Fe sites in the topmost surface layer is ∼0.4μB higher
(2.66μB) than at NN Fe sites in the layer just below (2.28μB),
and this accounts for the lower number of electrons in the
spin-down channel at the topmost Fe surface layer compared
to the one just below the Cr atom. The displacement of these
spin-down states at the topmost surface layer toward higher
energies is clearly a destabilizing effect, and it does not favor
solution of Cr in the subsurface layer. This band energy term
provides a clear explanation for the lack of solubility of Cr in
the subsurface layer; thus, Fe atoms on the topmost surface
layer play a major role in the anomalous segregation behavior
of Cr, and this cannot be understood without the inclusion of
magnetism at both Fe and Cr sites.
A detailed analysis of the atomic relaxations at the Fe sites
in the presence of Cr shows that these relaxations are very
similar to those found in pure Fe despite the antiferromagnetic
character of Cr. However, they become substantially different
when Cr is either in the surface or the subsurface layer. Our
calculations show that Cr, when in the surface or the subsurface
layer, exerts a repulsive type of force on the neighboring Fe
atoms. When it is on the topmost surface layer, it does so by
simply moving itself upward by ∼0.06 A˚ from the topmost
surface layer containing the Fe atoms. When it is in the
subsurface layer, there is an expansion (instead of contraction
as in pure Fe) of the interlayer separation between the layer
containing Cr and the topmost surface layer of Fe atoms. This is
reflected in a dramatic decrease in the magnetic moment of Cr
in the subsurface layer relative to the value in the topmost layer,
and a decrease in the magnetic moment of the Fe atoms at the
topmost surface layer relative to the pure Fe surface, resulting
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in an upward shift of the spin-down states associated with
the topmost Fe atoms. This is energetically a very unfavorable
situation. Thus, the magnetic effects of Cr on the surface atoms
do not allow the incorporation of Cr in the subsurface layer.
Such destabilizing magnetic interactions are not present for Cr
in the bulk, where it can be dissolved, and in the sub-subsurface
layer, where the solution energy is nearly the same as in the
bulk. This complicated nature of the magnetic interactions in
Fe-Cr alloys makes this system complex, leading to a unique
behavior of segregation of Cr in Fe.
IV. CONCLUSIONS
The motivation of this work has been to emphasize the
anomalous nature of the solution energy and the heat of
segregation of Cr in the subsurface layer in Fe-rich Fe-Cr
alloys, and to investigate the origin of this anomaly. In general,
the segregation energy, in solid solution forming dilute alloys,
increases more or less smoothly from the bulk toward the
surface layers. The dilute Fe-Cr system is anomalous, since
there is a large increase in the segregation energy in the layer
just below the topmost layer, which then drops to a very
low value at the surface. This could result in an incorrect
interpretation of the data, since one usually determines the
segregation energy from the difference of the solution energies
in the topmost surface layer and in the bulk, and the subsurface
layer is, to our knowledge, never considered. We have shown
that this anomaly is of magnetic origin, and it arises due
to the very complex nature of interactions between the
antiferromagnetism of Cr and ferromagnetism of Fe. With
Cr in the subsurface layer, the antiferromagnetism of Cr has
a large influence on the electronic structure of Fe atoms on
the topmost surface layer, where the electronic states in the
minority channel are displaced toward higher energies, and
this is not favorable for Cr solution in the subsurface layer.
ACKNOWLEDGMENTS
We would like to thank IDRIS (Institut du De´veloppement
et des Ressources en Informatique Scientifique) for providing
us access to the high-power computing (HPC) resources of
GENCI (Grand Equipement National de Calcul Intensif) under
project number 90189 for the work presented in this paper.
M.L. thanks C.C. Fu (Commissariat a` l’Energie Atomique,
France) for useful discussions on DFT calculations, during his
PhD Thesis on Fe-Cr alloys and surfaces.
*michele.gupta@u-psud.fr
1S. L. Dudarev, J. L. Boutard, R. L. La¨sser, M. J. Carula, P. M.
Derlet, M. Fivel, C. C. Fu, M. Y. Lavrentlev, L. Malerba, M. Mrove,
D. Nguyen Manh, K. Nordlund, M. Perlado, R. Scha¨ublin,
H. Van Swygenhoven, D. Terentyev, J. Wallenius, D. Weygand, and
F. Willaime, J. Nucl. Mater. 386–388, 1 (2009).
2M. Victoria, S. Dudarev, J. L. Boutard, E. Diegele, R. La¨sser,
A. Almazouzi, M. J. Caturla, C. C. Fu, J. Ka¨line, L. Malerba,
K. Nordlund, M. Perlado, M. Rieth, M. Samaras, R. Schaeublin,
B. N. Singh, and F. Willaime, Fusion Eng. Des. 82, 2413 (2007).
3L. Malerba, A. Caro, and J. Wallenius, J. Nucl. Mater. 382, 112
(2009).
4M. Rieth, J. L. Boutard, S. L. Dudarev, E. Materna Morris, and
J. Major, J. Nucl. Mater. 409, 140 (2011).
5I. Mirebeau, M. Hennion, and G. Parette, Phys. Rev. Lett. 53, 687
(1984).
6I. Mirebeau and G. Parette, Phys. Rev. B 82, 104203 (2010)
7M. Hennion, J. Phys. F (Metal Phys.) 13, 2351 (1983).
8J. Henry, M. H. Mathon, and P. Jung, J. Nucl. Mater. 318, 249
(2003).
9W. Xiong, M. Selleby, Q. Chen, J. Odqvist, and Y. Du, Crit. Rev.
Solid State Mater. Sci. 35, 125 (2010).
10G. Bonny, R. Pasianot, L. Malerba, A. Caro, P. Olsson, and
M. Lavrentiev, J. Nucl. Mater. 385, 268 (2009).
11M. Y. Lavrentiev, D. Nguyen Manh, and S. L. Dudarev, Phys. Rev.
B 81, 184202 (2010).
12M. Levesque, E. Martinez, C. C. Fu, M. Nastar, and F. Soisson, Phys.
Rev. B 84, 184205 (2011); M. Levesque, Ph.D. thesis, Universite´
Paris-Sud, 2010.
13P. Olsson, I. A. Abrikosov, L. Vitos, and J. Wallenius, J. Nucl.
Mater. 321, 84 (2003).
14P. Olsson, C. Domain, and J. Wallenius, Phys. Rev. B 75, 014110
(2007).
15G. J. Ackland, Phys. Rev. Lett. 97, 015502 (2006).
16P. Olsson, I. A. Abrikosov, and J. Wallenius, Phys. Rev. B 73,
104416 (2006).
17T. P. C. Klaver, R. Drautz, and M. W. Finnis, Phys. Rev. B 74,
094435 (2006).
18A. V. Ponomareva, E. I. Isaev, N. V. Skorodumova, Y. K. Vekilov,
and I. A. Abrikosov, Phys. Rev. B 75, 245406 (2007).
19A. Kiejna and E. Wachowicz, Phys. Rev. B 78, 113403 (2008).
20W. T. Geng, Phys. Rev. B 68, 233402 (2003).
21M. Ropo, K. Kokko, M. P. J. Punkkinen, S. Hogmark, J. Kollar,
B. Johansson, and L. Vitos, Phys. Rev. B 76, 220401 (2007).
22D.McLean, Grain Boundary Segregation in Metals (Oxford
University Press, London, 1957); M. Guttmann and D. McLean,
in Interfacial Segregation, edited by W. C. Johnson and J. M.
Blakely (American Society of Metals, Metals Park, Ohio, 1979);
M. Guttmann, Phil. Trans. Roy. Soc. (Lon.) A 295, 169 (1980).
23I. A. Abrikosov, A. V. Ruban, H. L. Skriver, and B. Johansson,
Phys. Rev. B 50, 2039 (1994).
24M. van Schilfgaarde, I. A. Abrikosov, and B. Johansson, Nature
(London) 400, 46 (1999).
25M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff,
P. Etienne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Rev.
Lett. 61, 2472 (1988).
26G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993); 49, 14251
(1994).
27G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169 (1996);
Comput. Mater. Sci. 6, 15 (1996).
28G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
29P. E. Blo¨chl, Phys. Rev. B 50, 17953 (1994).
30J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992).
31H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
32S. Suzuki, T. Kosaka, H. Inoue, M. Isashiki, and Y. Waseda, Appl.
Surf. Sci. 103, 495 (1996).
33R. P. Gupta, Phys. Rev. B 23, 6265 (1981).
34C. Turtur and G. Bayreuther, Phys. Rev. Lett. 72, 1557 (1994).
       6
